Bile salts and fatty acids stimulated differentiation of cultured Giardia lamblia trophozoites into water-resistant cysts at the slightly alkaline pH of the small intestinal lumen. Maximum encystation occurred at pH 7.8. Thus, specific small-intestinal factors may influence encystation in vivo as well as in vitro.
Bile salts and fatty acids stimulated differentiation of cultured Giardia lamblia trophozoites into water-resistant cysts at the slightly alkaline pH of the small intestinal lumen. Maximum encystation occurred at pH 7.8. Thus, specific small-intestinal factors may influence encystation in vivo as well as in vitro.
We recently induced encystation of Giardia lamblia trophozoites in vitro for the first time (8) . Since in a previous study of encystation in the suckling mouse model (10), we found cysts in the upper and middle portions of the small intestine (8), we proposed that specific small-intestinal conditions might promote encystation. Initially, we observed that the exposure of trophozoites to primary bile salts led to >20-fold increases in the numbers of oval, refractile cells that reacted strongly with cyst-specific antisera (8) . However, few of these cells resisted exposure to hypotonic conditions, which is a hallmark of fecal cysts (1, 2) and a rigorous criterion for quantitation of encystation in vitro. To better understand the differentiation process and to increase the number of water-resistant cysts, we have now investigated in depth the roles of small-intestinal physiologic conditions in encystation. Our studies demonstrate that the slightly alkaline pH, which is characteristic of much of the small intestine (6), greatly increases the ability of bile salts and fatty acids to induce differentiation of G. lamblia trophozoites into water-resistant cysts. A typical water-resistant cyst is shown in Fig. 1 .
G. lamblia WB (ATCC 30957) trophozoites were grown to late log phase in TYI-S-33 medium (4) with bovine bile (5, 13) and serum (pH -7.1) as previously described (14) . Parasites were harvested by chilling cultures to detach trophozoites, centrifuging, and washing once; the trophozoites were then suspended in Hanks balanced salt solution.
If not otherwise indicated, the following protocol was used. Experiments were carried out in TYI-S-33 medium which had been brought to pH 7.8 with NaOH and lacked bovine bile. Individual bile salts (sodium salts) and fatty acids (Sigma Chemical Co.) were added as specified in each experiment. Aqueous suspensions of fatty acids were warmed with stirring for the minimum time needed to disperse them and immediately added to the encystation medium. Piperacillin (500 ,ug/ml; Lederle Laboratories) and amikacin (125 jig/ml; Bristol Laboratories) which do not affect G. tamblia growth or differentiation (7), were added because the bile salt-fatty acid dispersions were not filter sterilized. Experiments were initiated by the addition of 106 washed trophozoites in a final volume of 4 ml in 1-dram (4.8 ml capacity), glass screw-capped vials.
After incubation for 4 days at 37°C, which yielded the greatest numbers of cysts in initial experiments, the parasites were chilled, transferred to 15-ml conical centrifuge tubes, and sedimented (833 x g, 10°C). To lyse the trophozoites and any cysts with incomplete walls, parasites were * Corresponding author.
washed twice and incubated overnight at 4°C in 15 ml of double-distilled water. The parasites were then suspended, sedimented, and washed again in cold double-distilled water. Most of the supernatant was removed, and the cysts were suspended in the remaining water. Washing removed most trophozoite ghosts and debris of water-lysed cells. Samples were counted in hemacytometer chambers by phase-contrast microscopy. The exact volume of each cyst suspension was measured and used to calculate the total number of cysts per vial. Each value is the mean of five counts. Statistical significance was determined by the Student t test. Each experiment shown was typical of at least two repetitions.
Since the pH of the intestinal fluid may be as high as 7.8 (6) and a major function of bile salts is to form mixed micelles with fatty acids, we examined the effects of pH on induction of encystation by glycocholate or myristic acid alone and in combination (Fig. 2 ). Encystation increased with pH both in controls with no additions and in the presence of glycocholate alone or myristic acid alone. The stimulatory effects of glycocholate and myristic acid together were synergistic at pH 7.0 to 7.8 and were greatest at pH 7.8. Therefore, subsequent experiments were carried out at pH 7.8. Encystation decreased sharply above the optimum pH (Fig. 2) .
We next asked whether the stimulation of encystation was a specific property of myristic acid or whether other fatty acids were effective. Each fatty acid tested significantly stimulated encystation both alone and with glycocholate (Table 1) . Again, the effects of fatty acid and glycocholate were synergistic. The effect of the concentrations of two highly stimulatory fatty acids are shown in Table 2 . In the presence of glycocholate, 0.5 to 1 mM myristic (C14) or pentadecanoic (C15) acid was optimal, and encystation de- creased at concentrations of 2 mM. In contrast, exposure of trophozoites to 2 mM myristic acid or pentadecanoic acid without bile salt led to levels of encystation approximately two-thirds of the maximum. Higher concentrations of these fatty acids did not further increase encystation.
In bile, the ratio of primary to secondary bile salts is about 3:1 (11). In our earlier studies (8), we observed that the primary bile salt glycine and taurine conjugates lead to more-rapid encystation than do secondary bile salt conjugates. Unconjugated bile salts were not tested because they are toxic to G. lamblia. In the present study, glycocholate (12 mM) with myristic acid stimulated the highest levels of encystation, 3 x 105 compared with 1.1 x 105 per vial obtained with glycochenodeoxycholate (6 mM). The reasons for these differences between the two most-prevalent primary bile salts are not understood. Since our studies support the hypothesis that small-intestinal conditions might be important triggers of encystation (8) , it is important to understand the roles and interactions of these factors in the intestinal milieu. When acidic gastric chyme enters the duodenum, it is rapidly neutralized by secreted bicarbonate. While the fluid in the uppermost part of the duodenum tends to be somewhat acidic, the pH gradually increases distally and may be as high as 7.6 to 8.0 in the lowerjejunum (3, 6) . The common bile duct transports both biliary and pancreatic secretions, including bicarbonate, into the intestine at approximately the mid-duodenal level.
In the intestinal fluid and in vitro (11, 15) , bile salts tend to form mixed micelles with products of lipolysis such as'fatty acids. In vitro, unsaturated fatty acids are toxic to G. lamblia (9, 14, 16 (14) . We had proposed that exposure to toxic factors might promote differentiation of G. lamblia. However, saturated fatty acids stimulated encystation at least as well as oleic acid. Moreover, the presence of bile salts and alkaline pH, which greatly increase encystation, reduced the toxicity of oleic acid (14) . Increased pH promotes both the ionization of fatty acids and their tendency to be incorporated into micelles with bile salts (12) . The roles of bile salts in encystation may be'the result of their capacity to bind fatty acids rather than direct effects on G. lamblia. These studies suggest that local differences in pH and bile salt and fatty acid concentrations may also influence the efficiency of encystation of G. lamblia in vivo.
